Introduction {#S0001}
============

Sirtuin 6 (SIRT6), astress responsive protein deacetylase and mono-ADP ribosyltransferase enzyme, is encoded by the SIRT6 gene and is associated with aging, DNA repair, telomere maintenance, glycolysis, inflammation, etc, via multiple molecular pathways. In cancer research, SIRT6 was also found to play arole as an oncogene or anti-oncogene in different tumors. These research studies focused on different pathways regulating tumorigenesis and tumor progress.[@CIT0001],[@CIT0002] Our previous study demonstrated that SIRT6 is upregulated in papillary thyroid cancer (PTC) and enhances tumor aggressiveness via the BRAF/ERK/Mcl‑1 pathway.[@CIT0003] We found that silencing of SIRT6 weakens PTC cells, colony formation, migration and invasion, and blocked the cell cycle. In this study, we innovatively looked into the relationship between SIRT6 and the Warburg effect, and explored its possible specific mechanisms.

Malignant tumor is not only agenetic disease, but also an energy metabolic disease. Even when the oxygen supply is sufficient, tumor cells obtain energy mainly by glycolysis, which is also called aerobic glycolysis or the Warburg effect. This abnormal glycolysis of tumor cells promotes glucose uptake and lactate production, which is conducive to tumorigenesis and tumor progress. The coding genes of key glycolysis enzymes are directly responsible for the regulation of the Warburg effect, including GLUT1, HK2, GAPDH, PGK1, ENO1, PKM2 and LDHA.[@CIT0004] Furthermore, transcription factors play direct and key roles in regulating these enzyme genes, such as hypoxia-inducible factor-1 (hif-1), c-MYC, NF-kb and p53. Previous studies of SIRT6 and the Warburg effect were also concentrated on transcription factors. In embryonic stem cells and mouse embryonic fibroblasts, SIRT6-deficient cells exhibit increased Hif-1α activity and show increased glucose uptake with upregulation of glycolysis and diminished mitochondrial respiration.[@CIT0005][@CIT0005] In another study, SIRT6 also took arole as anovel regulator of ribosome metabolism by co-repressing MYC transcriptional activity.[@CIT0006] In fact, factors regulating the Warburg effect are varied, not limited to transcription factors. Reactive oxygen species (ROS) also play an important role in this effect. ROS are aclass of oxygen atoms or clusters formed by oxygen that contain oxygen in their molecular composition, as well as having more active chemical properties than oxygen itself. In glioblastoma, deficiency of PINK1 inhibited the Warburg effect through ROS-dependent stabilization of HIF-1α. Therefore, we hypothesized whether SIRT6 was capable of influencing the Warburg effect via ROS.

Materials and methods {#S0002}
=====================

Cell line and cell culture {#S0002-S2001}
--------------------------

Human PTC cell line BCPAP was purchased from the University of Colorado Cancer Center Cell Bank. All cells were cultured in RPMI 1640 medium supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA) in an atmosphere of 5% CO~2~ and 37 °C.

Lentiviral vector and infection {#S0002-S2002}
-------------------------------

The cDNA of human SIRT6 was purchased from Origene (RC202833; Rockville, MD, USA) and shRNA of SIRT6 (sequence: GCAGTCTTCCAGTGTGGTGTT) were cloned into the pCDH-CMV-MCS-EF1-Puro lentiviral vector for the pCDH-SIRT6 and pCDH-shSIRT6 plasmids. According to the instructions of Lipofectamine 3000, the pCDH-SIRT6/shSIRT6 plasmid, psPAX2 and PMG.2G were co-transfected into HEK293T cells to obtain overexpressing SIRT6 lentivirus. Then, the BCPAP cell was infected by lentivirus (multiplicity of infection=25) and screened by puromycin (5 μg/mL, 72 h) to generate the stably SIRT6-upregulated cell BCPAP-SIRT6 and the SIRT6-downregulated cell BAPAP-shSIRT6. Meanwhile, negative control constructed with empty vector was also generated as BCPAP-NC. The expression of SIRT6 was confirmed by western blotting and quantitative real-time PCR (qRT-PCR) analysis.

RNA extraction and qRT-PCR {#S0002-S2003}
--------------------------

Total RNA from PTC cells in each group was extracted by Trizol Reagent (Thermo Fisher Scientific). cDNA was obtained from total RNA using the PrimeScript™ RT reagent kit (Takara Bio, Inc., Otsu, Japan). The expression of mRNA was assessed by qRT-PCR, which was carried out in triplicate by an SYBR Premix Ex Taq™ kit (Takara Bio, Inc.) and an ABI 7900HT Real‑Time PCR system (Thermo Fisher Scientific). The primers used are presented in [Table 1](#T0001){ref-type="table"}. β-actin was used to normalize the results of qRT-PCR and the comparative cycle threshold values (2^--ΔΔCt^) were adopted to analyze the final results. Table 1The primers for quantitative real-time PCRGeneForward primerReverse primer*SIRT6*GCACCGTGGCTAAGGCAAGGGTGATGGACAGGTCGGCGTTC*Actin*GGGACCTGACTGACTACCTCTCATACTCCTGCTTGCTGAT*PKM*ACTGGCATCATCTGTACCATTGAGCCACATTCATTCCAGACTTA*LDHA*GGTTGGTGCTGTTGGCATGGTGCCCCAGCCGTGATAATGA*HK2*CGACAGCATCATTGTTAAGGAGGCAGGAAAGACACATCACATTT*Glut1*CTGGCATCAACGCTGTCTTCGCCTATGAGGTGCAGGGTC*Eno1*GCCTCCTGCTCAAAGTCAACAACGATGAGACACCATGACG*PGK1*TTCTGTTCTTGAAGGACTGTGTCTTTAACCTTGTTCCCAGAAGC*GAPDH*GTCAAGGCTGAGAACGGGAAAAATGAGCCCCAGCCTTCTC

Protein extraction and western blotting analysis {#S0002-S2004}
------------------------------------------------

The total cellular proteins were extracted using RIPA lysis buffer with 1% phenylmethanesulfonyl fluoride. Then, equal amounts (20 μg) of protein determined by the BCA protein assay kit (Thermo Fisher Scientific) were separated using 10% SDS-PAGE gels. The proteins were then transferred to polyvinylidene difluoride membranes (0.45mm; Solarbio, Beijing, People\'s Republic of China). The membranes were blocked with 5% nonfat milk for 1 hat room temperature and then incubated with primary antibodies at 4 °C for 12 h.The following antibodies were tested: SIRT6, Glut1, c-MYC and p53 rabbit polyclonal antibodies (1:1000; Proteintech, USA). β-actin rabbit polyclonal antibodies (1:4000; Proteintech) were used as loading controls and for normalization. The secondary antibodies were anti-rabbit antibodies and were conjugated to horseradish peroxidase (1:4000; Proteintech). The antibodies were used at a1:4000 dilution and were incubated for approximately 1 hat room temperature. The bands were visualized with ECL reagents (Thermo Fisher Scientific) and developed by Omega Lum G(Aplegen, USA).

Glucose uptake, lactate production and ATP content assays {#S0002-S2005}
---------------------------------------------------------

For glucose uptake and lactate production assays, 5×10^5^ cells were seeded onto 6-well plates and cultured at 37 °C. After 24 h, 5 μL cell culture supernatant was collected in 96-well plates and mixed with 200 μL Glucose (HK) Assay Reagent (Sigma-Aldrich Co., St.Louis, USA) or 100 μL Lactate Assay Reagent (Sigma-Aldrich). After 20 min of incubation at 37 °C, the absorbance at 340 nm (OD~340~) was determined with amicroplate reader. At the same time, astandard curve was established through glucose and lactate standards. OD~340~ was substituted into the standard curve to get the glucose or lactate level. For the ATP content assay, 2×10^3^ cells were seeded onto 96-well plates and incubated for 48 h.Culture medium was removed and the ATPLite luminescent assay (PerkinElmer Inc., Waltham, MA, USA) was added. After 30 min of incubation at 37 °C, luminescence was monitored. At the same time, the standard curve was established through ATP standard. The luminescence intensity was substituted into the standard curve to get the ATP level. Glucose uptake, lactate production and ATP content were all normalized by cell number.

ROS detection and inhibition {#S0002-S2006}
----------------------------

For ROS detection, 5×10^5^ cells were seeded onto 6-well plates and cultured at 37 °C for 24 h.Then, 1mL FBS-free medium diluted dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime, Shanghai, People\'s Republic of China) was added to the dish after removing old culture medium. After incubation for 20 min at 37 °C, cells were washed with FBS-free medium 3 times. Then, the fluorescence intensity of cells was detected with amicroplate reader with 488 nm excitation wavelength and 525 nm emission wavelength. For ROS inhibition, 5mM *N*-acetylcysteine (NAC) was added in culture medium for 2 h.The inhibition of ROS was confirmed with DCFH-DA.

Statistical analysis {#S0002-S2007}
--------------------

SPSS software (version 19.0; IBM Corporation, Armonk, NY, USA) was used for statistical analysis of all experimental data. GraphPad Prism (version 7; GraphPad Software Inc., La Jolla, CA, USA) was used to determine the statistical results. All data are expressed as the mean±SD. The statistical analysis of the data from 2 groups was performed using a two-tailed Student's *t*-test. The comparisons of multiple groups were performed by one-way ANOVA and then aleast significant difference *t-*test. *P*\<0.05 was considered to be significant.

Results {#S0003}
=======

SIRT6 showed positive correlation with key Warburg effect genes {#S0003-S2001}
---------------------------------------------------------------

We studied co-expression between SIRT6 and key Warburg effect genes through GEPIA online tools based on The Cancer Genome Atlas database (<http://gepia.cancer-pku.cn/>). *P*＜0.05 was thought statistically significant. We found that Eno1, GAPDH and PKM showed apositive correlation with SIRT6 in PTC patients. Inside, GAPDH showed high co-expression for which *P*=7.0^−12^ and R=0.3 ([Figure 1](#F0001){ref-type="fig"}). Figure 1Co-expression between SIRT6 and key Warburg effect genes.

SIRT6 upregulated key Warburg effect genes {#S0003-S2002}
------------------------------------------

Stable SIRT6-upregulated and downregulated PTC cell lines BCPAP-SIRT6 and BCPAP-shSIRT6 were successfully generated and confirmed with western blotting and qRT-PCR. Both mRNA expression ([Figure 2B](#F0002){ref-type="fig"}) and protein expression ([Figure 2A](#F0002){ref-type="fig"}) of SIRT6 in the BCPAP-SIRT6 group were significantly upregulated compared with the BCPAP-NC group, and BCPAP-shSIRT6 showed significant downregulation. Interestingly, mRNA expression of key Warburg effect genes PKM, Glut1, HK2, LDHA, Eno1, PGK1 and GAPDH ([Figure 2D](#F0002){ref-type="fig"}) and protein expression of Glut1 ([Figure 2C](#F0002){ref-type="fig"}) were also significantly increased in the BCPAP-SIRT6 group compared with the BCPAP-NC group. Meanwhile, these genes were significantly downregulated in the BCPAP-shSIRT6 group.Figure 2(**A**) Protein expression of SIRT6 in BCPAP cells was detected by western blotting. (**B**) mRNA expression of SIRT6 in BCPAP cells was detected by quantitative real-time PCR, and the results were analyzed. (**C**) Glut1 protein expression in BCPAP cells was detected by western blotting. (**D**) Key Warburg effect gene expression in BCPAP cells was analyzed.**Notes:** All group values are given as mean±SD. Compared with BCPAP-NC: \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.

SIRT6 increased glucose uptake, lactate production and ATP content of cells {#S0003-S2003}
---------------------------------------------------------------------------

We further detected glucose uptake ([Figure 3A](#F0003){ref-type="fig"}) and lactate production ([Figure 3B](#F0003){ref-type="fig"}) from cell culture medium, and found an obvious increase in the BCPAP-SIRT6 group compared with the BCPAP-NC group. Then, the ATP content of the two cell lines was measured by ATPLite luminescent assay ([Figure 3C](#F0003){ref-type="fig"}). The same trend of higher ATP content was detected in the BCPAP-SIRT6 group as in the BCPAP-NC group. All data above in the BCPAP-SIRT6 group were statistically significant. All of these measurements in BCPAP-shSIRT6 showed significant downregulation compared with BCPAP-NC. Figure 3(**A**) Glucose uptake of BCPAP cells was detected and analyzed from cell culture medium. (**B**) Lactate production of BCPAP cells was detected and analyzed from cell culture medium. (**C**) ATP content of BCPAP cells was detected and analyzed by ATPLite luminescent assay.**Notes:** All group values are given as mean±SD. Compared with BCPAP-NC: \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.

SIRT6 increased ROS production, whereas no effect on expression of c-MYC or p53 {#S0003-S2004}
-------------------------------------------------------------------------------

c-MYC and p53 protein expression was detected via western blotting. However, no statistical significance was found between BCPAP-SIRT6 and BCPAP-NC ([Figure 4A](#F0004){ref-type="fig"}). We further measured ROS production through DCFH-DA, and found asignificant upregulation in the BCPAP-SIRT6 group compared with the BCPAP-NC group ([Figure 4B](#F0004){ref-type="fig"}). Figure 4(**A**) c-MYC and p53 protein expression was detected by western blotting. (**B**) ROS production measured by dichlorodihydrofluorescein diacetate, and the result was analyzed.**Notes:** The value is given as mean±SD . \*\*\**P*\<0.001.**Abbreviation:** ROS, reactive oxygen species.

Inhibition of ROS rescued expression of key Warburg effect genes of BCPAP-SIRT6 {#S0003-S2005}
-------------------------------------------------------------------------------

ROS scavenger NAC (5mM) was added in BCPAP-SIRT6 cell culture medium for 2 h, and we found an obvious inhibition of ROS production ([Figure 5A](#F0005){ref-type="fig"}). Then, qRT-PCR ([Figure 5C](#F0005){ref-type="fig"}) and western blotting ([Figure 5B](#F0005){ref-type="fig"}) were performed again for detecting expression of key Warburg effect genes. Interestingly, increased mRNA expression of PKM, Glut1, HK2, LDHA, Eno1, PGK1 and GAPDH and protein expression of Glut1 were all significantly rescued in BCPAP-SIRT6. Figure 5(**A**) NAC could obviously inhibit ROS in BCPAP-SIRT6. (**B**) protein expression of Glut1 was rescued in BCPAP-SIRT6. (**C**) mRNA expression of PKM, Glut1, HK2, LDHA, Eno1, PGK1 and GAPDH was rescued in the BCPAP-SIRT6 group.**Notes:** All group values are given as mean±SD. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.**Abbreviations:** NAC, *N*-acetylcysteine; ROS, reactive oxygen species.

Inhibition of ROS rescued glucose uptake, lactate production and ATP content of BCPAP-SIRT6 {#S0003-S2006}
-------------------------------------------------------------------------------------------

After inhibition of ROS in the BCPAP-SIRT6 group via NAC as described above, glucose uptake ([Figure 6A](#F0006){ref-type="fig"}), lactate production ([Figure 6B](#F0006){ref-type="fig"}) and ATP content ([Figure 6C](#F0006){ref-type="fig"}) were measured again using the methods described above. Increased glucose uptake, lactate production and ATP content of BCPAP-SIRT6 fell back to the original level. Figure 6(**A**) Glucose uptake was detected and analyzed from cell culture medium. (**B**) Lactate production was detected and analyzed from cell culture medium. (**C**) ATP content was detected and analyzed by ATPLite luminescent assay.**Notes:** All group values are given as mean±SD. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.**Abbreviation:** NAC, *N*-acetylcysteine.

Discussion {#S0004}
==========

The Warburg effect is an important metabolic foundation of cancer cell proliferation, cell progress, metastasis and drug resistance. It also occurs and performs as ahigh level of glucose uptake, lactate production and ATP content in PTC.[@CIT0007] Meanwhile, glycolysis key enzyme genes GLUT1, HK2, GAPDH, PGK1, Eno1, PKM2 and LDHA are also directly responsible for this effect. Aprevious study confirmed that Glut1 was upregulated in PTC, and was associated with increased mortality.[@CIT0008] In this research, we successfully generated stable SIRT6-upregulated and downregulated PTC cell lines BCPAP-SIRT6 and BCPAP-shSIRT6. We also found that mRNA expression of PKM, Glut1, HK2, LDHA, Eno1, PGK1 and GAPDH and protein expression of Glut1 were significantly increased in the BCPAP-SIRT6 group compared with the negative control. Meanwhile, we further found that glucose uptake, lactate production and ATP content in the BCPAP-SIRT6 group were also increased. Meanwhile, these measurements in BCPAP-shSIRT6 showed significant downregulation. Changes both in gene and cellular levels fully proved that SIRT6 promoted the Warburg effect in PTC cells.

Furthermore, transcription factors play adirect role in regulation of these key genes by binding to gene promoters. Previous studies about SIRT6 and the Warburg effect also focused on transcription factors: HIF-1α and c-MYC.[@CIT0005],[@CIT0006] In these studies, SIRT6 inhibited the Warburg effect via taking arole as arepressor of HIF-1α or c-MYC. However, in our study, SIRT6 showed promotion of the Warburg effect. Therefore, we further detected two common transcription factors that contributed to the Warburg effect: c-MYC and p53. As was expected, no expression changes of c-MYC or p53 between the BCPAP-SIRT6 and BCPAP-NC groups were found. These results indicated that the Warburg effect influenced by SIRT6 may not be associated with transcription factors. Multiple studies have demonstrated that ROS could play arole as aWarburg effect stimulant.[@CIT0009] Amice model lacking another sirtuin family member, SIRT3, exhibited abnormally high levels of ROS and promoted the Warburg effect.[@CIT0010][@CIT0010] Interestingly, in hepatocellular carcinoma cells and oxidative stress-induced neuronal damage, overexpression of SIRT6 increased ROS production. Therefore, we speculated that SIRT6 promotes the Warburg effect by increasing ROS. As expected, ROS production performed with DCFH-DA showed significant increment in the BCPAP-SIRT6 group compared with the BCPAP-NC group. Furthermore, after inhibition of ROS in the BCPAP-SIRT6 group with NAC, the mRNA expression of PKM, Glut1, HK2, LDHA, Eno1, PGK1, and GAPDH and protein expression of Glut1 were all significantly rescued. Meanwhile, the increased glucose uptake, lactate production and ATP content of BCPAP-SIRT6 also fell back to the original level.

Conclusion {#S0005}
==========

From all we have discussed above, we can safely draw the conclusion that SIRT6 promotes the Warburg effect in PTC cells via increasing ROS production. SIRT6 and its upregulated ROS level as well as Warburg effect genes may work as atherapeutic target for PTC.
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